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Chemical vapor deposition (CVD) has been a widely used technique for thin film device fabrication. It is especially applicable to thin film silicon solar cells. A deposition rate of a few microns per minute can be easily obtained, and a p-n junction can be made by mixing silicon chemical vapors, such as silane and silicon tetrachloride, with dopant gases, like diborane and phosphine. In general, CVD of silicon is carried out at a substrate temperature ca. 1000o-1200oc, and a single crystal silicon wafer is used for an epitaxial growth of thin films. However, to make economic thin film solar cells for terrestrial photovoltaic applications, noncrystalline and often nonsilicon substrates are required. Furthermore; interaction between the substrate thus chosen and the silic'on thin film deposited should be kept minimal. For example, at a substrate temperature ca. 1200°C, silicon thin films deposited on graphite show a significant diffusion ·of silicon and carbon and the formation of silicon carbide ( 1) . Much less diffusion is noted, however, when the substrate temperature is below 800°C (2) . Similar high temperature interaction between the silicon films deposited and other types of substrate has also been reported (3) . Preferably, one should use the lowest possible substrate temperatures to minimize such interactions and diffusion.
At low substrate temperatures, however, other problems arise. First, silicon film thus deposited is polycrystalline with small grain size ( 4). Second, a much lower deposition rate than that at high substrate temperature is obtained using the CVD technique (5) . Small grain size means a shortening of lifetime for the '' charge carriers due to trapping at the grain boundaries (6) ; low deposition rate makes CVD a noneconomic technique 'for deposition. To solve the former problem, this ·author has developed a technique to increase the silicon crystallinity at low substrate temperatures. An enhancement of two to four orders of magnitude is obtained for the silicon films deposited on quartz and graphite at a 600oC substrate temperature (2, 7) . The next goal is to increase the deposition rate of low temperature CVD. ln doing so we make use of the observations that certain dopant gases enhance the silicon CVD rate and others hinder it (8) . An understanding of these facts will obviously be usefu\ to the ~nhance ment of the silicon CVD rate at low temperatures. However, as pointed out later, these dopant gas effects cannot yet be consistently accounted for by the existing theories. Therefore, this paper presents a conceptual model which consistently explains the known dopant gas effects on the rate of silicon CVD. We believe that this work will not only lead to an enhancement of the low temperature silicon CVD rate needed for economic solar cells, but also be useful to guide experimentalists in carrying out the CVD process more effectively and to stimulating interest among theorists about the problems related to this topic. The proposed model is further tested for its predicted dopant gas effects on different CVD systems and other relevant work which needs to be done is also discussed.
It is well known that the silicon deposition rate using silane and silicon tetrachloride is increased by diborane and boron tribromide, and decreased by ph0s-phine and arsine (8) . Existing theories considering either active site blocking· (8b) or strong bonding between the chemical vapor molecules and. both types of dopant gas molecules (8c) have not been advansed J. EZectrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY August 1976 · enough to explain the known effects in a consistent way, nor can they be used to predict the dopant gas effect on other CVD systems. In this work we make use of the fact that diborane and boron tribromide, both p-type dopant gases for silicon, have an opposite effect on the deposition rate of silicon chemical vapor from that of phosphine and a~sine. whi:Ch; are· n-,ty,pe dopant gases. This implies ~a· pos~ible c{>,rr~~~tion between the electronic structure o·~ the d.op'imt atoms with the observed effects cited. The mechanism involved in the CVD process is, therefore, first' analyzed, in order to see whether and how this property can be incorporated into the. depositi()~ prp~~~s; , i. , l ~· .. · .
Chemical vapor depositiOn can be viewed as a twostep process: adsorption of the chemical vapor molecule on the substrate surface followed by its thermal decomposition. As an example, deposition of silane fol-
The thermal decomposition involves a transfer 'of thermal energy from the substrate· to the chemiCal vapor molecule needed for its decomposition. At a fixed substrate temperature, the maximal amount of thermal energy which can be acquired by the molecule is constant. The efficiency of this energy transfer, however, depends on the residence time of the molecule on the substrate surface. In other words, for an effective decomposition of the molecule to take place on the surface, a sufficient amount of thermal energy for such decomposition should be transferred to the molecule before it desorbs from the surface. Therefore, at a fixed substrate temperature, adsorption of the molecule determines its decomposition rate. This argument is in agreement with the work of Farrow who found that silane adsorption is the rate-limiting step for the decomposition of this molecule (8c). Accordingly, at a given substrate temperature, any factors which favor the adsorption of the molecule on the substrate surface should also enhance its decomposition and therefore its deposition rate. Our problem is thus simplified to that of the effect of dopant gas on the adsorption of silicon chemical vapor molecules. Diborane, phosphine, and arsine all readily decompose on a hot surface into the dopant atoms and hydrogen. Boron tribromide also readily releases its boron upon reduction by hydrogen at high temperatures. Diborane and boron tribromide have quite different structures and polarities and such differences could have profound effect on their interactions with the silicon surface (9) . The fact that both diborane and boron tribromide enhance the silicon CVD rate and that they both easily produce boron at high temperatures makes it reasonable to assume the dominant role of boron adatoms in determining the observed boron dopant gas effects. The same assumption is applied to the n-type dopant gases, i.e., phosphine and arsine. The available data on diborane and arsine further show that, upon thermal decomposition, both boron and arsenic atoms strongly adsorb on the silicon surface ( 8c) . In addition, complete coverage of the silicon surface with boron gives the highest silane deposition rate among all the experiments using various silanediborane mixtures (8c). Some correlation with the boron adatom concentration is also noted. For a rigorous treatment of the dopant gas effects, the contribution from the adsorbed undecomposed dopant gas molecules, if any, should also be taken into account. However, this cannot yet be done due to the lack of knowledge on the surface lifetimes of these molecules on a hot· silicon surface. Therefore, only the dopant adatom effect is considered here which is justified by the experimental facts cited above.
From a chemical point of view, silane has the partially ionic Si+-H-bonds (10). Being tetrahedral, such a molecule possesses no net dipole moment ( 11). However, the ionic character mentioned would make silane a molecule with four negatively charged hydrogen atoms surrounding a positively charged silicon atom in the center. A molecule of such polarity would be attracted by a surface with positive surface potential and be repelled from one with negative surface potential. In other words, making the surface potential more positive would enhance silane adsorption on the surface. Tqe same argument applies to silicon tetrachloride which has Si + -Cl-ionic bonds, similar to those in silane.
First, we define a reference surface to be a silicon surface with only adsorbed silicon atoms. This is the case when pure silicon chemical vapor is used. A boron-adsorbed silicon surface can be seen to be different from the reference one. Boron, being a p-type dopant and electron deficient relative to silicon, should, relative to the reference surface, lower the local electron density on the surface silicon atoms around the adsorption site. This would increase the electron affinity of the local silicon surface around the adsorbed boron ( 12) . According to Allen and Gobeli, an increase in surface electron affinity increases the positive surface potential (12) . This has been observed on both Si and Ge (9, 12) . A boron-adsorbed silicon surface would thus attract molecules like silane and silicon tetrachloride better than the reference surface. This should. enhance the adsorption and, therefore, the deposition rate of these molecules. On the other hand, phosphorus and arsenic, which are n-type dopants and electronexcessive relative to .silicon, would make the surface potential more negative than the reference one. Accordingly, the deposition rate of silane and silicon tetrachloride should be lowered when they are mixed with phosphine and arsine. The observed dopant gas effect on the deposition rates of silicon chemical vapor is thus satisfactorily and consistently explained. These results are summarized in Table I .
One further support to our inodel is the agreement between the predicted and observed deposition rate dependence on the dopant atom concentration. This can be better understood if we describe our model using the surface-state concept (13) . Compared with a reference surface defined earlier, adsorbed boron atoms decrease the surface-state electron density, whereas phosphorus and arsenic atoms increase it. The induced local surface dipoles have their positive and negative ends, respectively, pointed toward the vacuum. Interaction with silane is, therefore, more attractive in the former case and more repulsive in the latter than in that of the reference surface. Both types of interaction increase with increasing coverage of the dopant adatoms on the surface. As the· ada tom concentra'-tion reaches ca. 1012 atom/cm2, the induced surface dipoles emerge into a continuum ( 13) . Furthermore, it is reasonable to assume the dominance of short-range interactions between the chemical vapor 
• I and D indicate an increase and decrease, respectively, in deposition rate. The first row for each dopant gas is for the predicted effects, the second row for the observed effects.
•Ref. (8).
•Ref. molecule and the surface (8c). One, therefore, expects appreciable dopant adatom effect beyond the concentration of 1012 atom/cm2 on the adsorption of silicon molecules. The observed onset of significant changes in the deposition rate of silane and silicon tetrachloride at the above dopant adatom concentration (8) is thus consistent with the theory. A quantitative treatment of this problem involves calculation of the interaction between an adsorbed chemical vapor molecule and a differently dopant-atom adsorbed silicon surface. To date, such calculations are extremely difficult, if not impossible (14, 15) . Therefore, only a qualitative test is given here. Some semiquantitative work is in progress to estimate the dopant adatom effect on the local surface electron densities.
To test our model qualitatively, we chose a CV molecule of opposite polarity to that of Si~ and SiCl4. The dopant gas effect on the deposition rate of this chosen molecule should then be opposite to that for SiH 4 and SiC14. One possible molecule is methane. Methane is also tetrahedral but has the C--H+ type of ionic bond. The polarity of methane is, therefore, opposite to that of silane. When carbon tetrachloride is used as a chemical vapor gas, its dopant gas effect should be similar to that of silane due to the C + -Cl-polarity of this molecule. The predicted dopant gas effects for methane and carbon tetrachloride are also listed in Table I . For a meaningful test of our model in carbon CVD, data on diamond deposition should be used. This is because the structure of diamond is similar to silicon, whereas the layer structure of graphite would complicate the deposition mechanism . (16) . The available literature data on the dopant gas effect on diamond deposition concern the methane-diborane system (17) . The results clearly show that mixing methane with diborane lowers the diamond deposition rate from that observed using only methane. This is exactly the effect predicted by our model.
Although limited by the available information for a full qualitative test of our model, agreement with the existing data is encouraging. It is, therefore, worthwhile to point out some useful work that will be necessary to a better understanding of the CVD process. (i) Experiments for the lacking information listed in Table I should be carried out for a complete test of our model. Also, doping with other p-and n-elements, such as aluminum, should provide further testing of the model. ( ii) As a test of the dopant ada tom effect on the surface potential, a bias voltage of the proper polarity should be applied to the substrate and observation made of its effect on the deposition rate of pure chemical vapor molecules. A similar test should be made by the application of an electric field to the surface. (iii) Surface properties for silicon and diamond should be studied in the presence of adsorbed boron, arsenic, phosphorus, and other dopant atoms. Such properties include the surface states and work function, and surface lifetimes of adsorbed chemical Vapor molecules. This study would allow a direct understanding of the adsorbed dopant atom effect on the surface properties and is essential to our final understanding of the problem discussed in this paper.
Once the suggested experiments are shown to support our model proposed above, it will then be possible to increase the deposition rate of silicon CVD at low temperatures. For example, by applying a suitable bias voltage which matches favorably with the polarity of the chemical vapor molecule, the substrate surface potential can be adjusted to increase the deposition rate beyond the current limit. It is also obvious that the right combination of molecule and dopant gas to allow the maximal increase in deposition rate must be chosen. Examples from Table I are SiH4-B2H 6 , CH 4 -PH 3 , CC1 4 -B2Hs, etc. The remaining limiting factor 'will be the amount of thermal energy available at low substrate temperatures. One needs then to find a compromise between the maximal thermal energy available and the minimal interaction and diffusion allowed between the deposited thin film and the substrate chosen. All these principles should also be applicable to the CVD of other types of thin films, such as those for SisN4, SiC, W,etc.
Finally, since our model is concerned mainly with the effect of ohe adsorbed species on the adsorption of another molecule, this work should also be useful to surface catalysis studies. In surface catalysis, molecular adsorption plays an essential role before decomposition or chemical reaction takes place. By varying the surface potential as described in this paper, one should observe changes of the chemical reaction rates between adsorbed molecules. This should allow a better understanding and control of the chemical reactions under study. In addition, varying the magnitude and sign of the surface potential should provide important infor-, mation on the formation and strength of the chemisorptive bonds between the adsorbed molecule and the surface. Again, more experimental and theoretical work along this line is needed to further advance our idea to surface catalysis.
